In this paper we study the anomalous magnetic properties in Fe films on fractal rough -Al 2 O 3 ceramics surfaces. It is found that the temperature dependence of the coercivity H c of the Fe films exhibits a peak around a critical temperature T crit ¼ 10 K: firstly, H c increases with the temperature T ; then it decreases rapidly as T further increases. The peak of the coercivity goes up with the decrease of the film thickness. It is estimated that, for T < T crit , the anomalous coercivity behavior may be resulted from the coupling effect of the spin-glass like states and ferromagnetic phases, for T > T crit , the observed coercivity behavior is mainly dominated by the effect of the non-uniform size distribution of the single-domain particles or magnetic clusters. The study shows that the enhancement H c of the Fe films is strong related to the roughness of the film surfaces induced by the fractal ceramics surfaces. The results are further confirmed by the thermoremanence and vibrating sample magnetometer measurements.
Introduction
Recent studies show that the magnetic film properties, such as magnetic anisotropy, coercivity, exchange bias and magnetic domain structure, are strongly related to the surface and interface roughness of the film system. [1] [2] [3] It is noticed that, with the increase of the surface roughness of the film, the coercivity H c of the film may increases but the exchange bias H E decreases in these system. Sometimes, in order to get the thin films with the characteristic physical property, researchers deposit the films on the rough surfaces purposely. For instance, Ye et al. have deposited the metal materials on liquid substrates, which are rough surfaces certainly, to fabricate the metal films. [3] [4] [5] [6] Thereinto, they have studied the magnetic properties of the iron films on liquid surfaces, and its results indicate that the anomalous H E and H C behaviors are strongly related to the characteristic surface and the existence of the spin-glass-like phase in the system below the freezing temperature. 3) In this paper, based on the fact of the fractal rough -Al 2 O 3 ceramics surfaces can be used as the substrates, [7] [8] [9] we fabricate Fe films and investigate the film magnetic properties, especially the temperature dependence of the coercivity H c . It is found that the temperature dependence of the coercivity H c of the films exhibits a peak around a critical temperature T crit ¼ 10 K. The peak of the coercivity H c goes up with the decrease of the film thickness. The physical interpretation of the results is also presented here.
Experimental Methods
The samples were prepared by thermal evaporation of 99.999% pure Fe in a vacuum of about 6 Â 10 À4 Pa at room temperature (RT; 303 AE 5 K). The fractal rough -Al 2 O 3 ceramics were prepared by the hot-pressed sintering technique. The ceramics substrates, with 2-3 mm thick, were broken with a small hammer. Then the fresh and homogeneous random fractal rough surfaces of the bulks were used as the film substrates, which were fixed 130 mm below the filament. The deposition rate was fixed at f ¼ 0:8 nm/s and the nominal film thickness was in the range of d ¼ 20{50 nm, which were determined by a quartzcrystal balance located near the substrate. For the sake of comparison, the Fe films on smooth glass surfaces were fabricated simultaneously.
After deposition, the samples were removed from the vacuum chamber. The measurements were taken immediately for the as-prepared samples. The temperature dependence of the magnetic properties of the Fe films was mainly measured by a physical property measurement system (Quantum Design PPMS-9) magnetometer in the temperature range from 2 to 300 K and at low and high magnetic fields (up to 2 T) in the film plane. Before the magnetization measurement, the zero magnetic fields were first calibrated. The hysteresis loops of the films were also measured by the vibrating sample magnetometer (VSM; Quantum Design VSM500) in the room temperature. Field-emission scanning electron microscopy (SEM; FEI-SIRION100) was used to study the crystal structure and surface morphology of the asprepared samples, respectively. Figure 1 shows the typical SEM pattern of an as-prepared sample. From Fig. 1 , we can find that the fractal surface of the sample is very rough and the roughness of the film surface can be competitive to that of the -Al 2 O 3 ceramics substrate. In view that the film is very thin, the singledomain particles or the magnetic clusters with non-uniform size distributions in the film may be separated from each other by the air or by the substrate. It is estimated that the structure and physical properties of the Fe film on the rough ceramics surface are much different from the continuous film deposited on the smooth surfaces.
Results and Discussion
The dependence of the hysteresis loops of the Fe films on the fractal rough ceramics surfaces are shown in Fig. 2 . It should be pointed out that the hysteresis loops in Fig. 2 (a) are obtained by measuring the magnetic properties of both the -Al 2 O 3 ceramics substrate and the films while the hysteresis loops in Fig. 2 (b) are obtained after subtracting the magnetic property of the substrate. And we subtract the magnetic property of the substrates uniformly in the following figures. From Fig. 2 , one can see that the Fe film is hardly saturated even in the applied magnetic field of 2000 Oe at low temperature and exhibits soft magnetic behavior at high temperature.
The temperature T dependence of the in-plane coercivity H c of the Fe films with film thickness d ¼ 30 and 40 nm is shown in Fig. 3 . In our experiment, the coercivity H c is defined as H c ¼ ðH þ À H À Þ=2. For comparison, the Fe films were also deposited under identical evaporation conditions on the smooth glass surfaces and the coercivity H c of the Fe films on the glass surfaces with d ¼ 40 nm is also shown in Fig. 3 . It is unexpected that, in Fig. 3 , a maximum peak around a critical temperature T crit ¼ 10 K is obviously observed for each of the Fe films on the fractal ceramics surfaces. For the temperature T < T crit , H c increases with the temperature; For T > T crit , however, it decreases drastically. It should be emphasized that this anomalous coercivity behavior, which is quite different from that of the Fe thin films deposited on the smooth glass surfaces (see Fig. 3 ) and other solid substrates. 10, 11) According to the previous study that there should exists two magnetic phases at least in the magnetic system exhibiting the increasing H c with the temperature, 3, 12, 13) we consider that the Fe film in the low temperature range in our experiment is in the similar situation. In other words, the sample is in ferromagnetic phases and the spin-glass like states below the characteristic temperature where a collective freezing of the magnetic moments of the clusters occurs. 14, 15) Then with the further decrease of the temperature in low temperature range, when the spin-glass like states existing in the films are prior to ferromagnetic phases, the value of H c drops as shown in Fig. 3 . On the other hand, the behavior of decreasing H c with the temperature monotonously in the high temperature range is mainly due to the effect of the non-uniform size distribution of the singledomain particles or magnetic clusters 16, 17) in the Fe films on the ceramics surfaces. From Fig. 3 , one also finds that the anomalous coercivity behavior depends strongly on the film thickness. The coercivity peak for the Fe film with the thickness d ¼ 30 nm reaches 150 Oe, which is much larger that that of the film with the thickness d ¼ 40 nm. For the thinner films (e.g., d ¼ 30 nm, compared to d ¼ 40 nm), we consider that the single-domain particles or magnetic clusters in the films are easier to be separated from each other by the air or by the ceramics substrate. Moreover, the effects of the underlying ceramics layers on the structures of the thinner films might be stronger than those of the thick films, resulting in enhancement of the magnetic disorder of the films. Consequently, it is quite reasonable that the coercivity peak goes up with the decrease of the film thickness. The coercivity peaks in the Fe films on the ceramics surfaces are much higher than those obtained in the films on the smooth glass surfaces when both of the films were fabricated simultaneously and the film thickness is the same (see Fig. 3 ). In fact, no obvious coercivity peak can be observed for the Fe films deposited on the smooth glass surfaces, which is in agreement with the results of the magnetic films deposited on other solid substrates. 10, 11) It indicates that the enhancement H c of the Fe films on the ceramics surface is strong related to the roughness of the film surfaces.
To investigate the more detail of the magnetic properties of the films and its cause, the thermoremanence (TRM) as a function of the temperature T is obtained as the following: after a strong magnetic field is applied, such as H ¼ 5000 Oe, the sample is cooled from 300 to 2 K, after that the strong magnetic field is taken out, and the magnetic moment M TRM is recorded at stepwise increasing temperature. Figure 4 shows the M TRM results of the sample with the thickness d ¼ 40 nm. From Fig. 4 , we can see that the M TRM curve firstly increases with T < 5 K, and then decreases dramatically with 5 < T < 50 K, finally the M TRM drops slowly and approaches a steady value with 50 < T < 300 K. According to the previous studies, 16) it is confirmed the explanation of the H c before. That is, the M TRM peak at T ¼ 5 K is strongly related to the coupling effect of the spinglass like states and ferromagnetic order phases in the films; the M TRM rapid decrease at 5 < T < 50 K is resulted from the enhance disorder of the spin-glass like state with the further increasing T ; the M TRM slight change at 50 < T < 300 K is due to the effect of the non-uniform size distribution of the single-domain particles or magnetic clusters in the Fe films. Figure 5 shows the hysteresis loops of the Fe films with different angles between the applied magnetic field and the film surface directions studied by the VSM measurement. All the Fe films are saturated magnetization, but the saturation intensities of magnetization M S are not consistent obviously in different applied magnetic field directions. We notice that the M S decreases with the angle between the magnetic field and the film surface, but the coercivity H c increases with the angle. For the thickness d ¼ 30 nm, the coercivity H c ¼ 116 Oe when the angle ¼ 0 ; the coercivity H c ¼ 182 Oe when the angle ¼ 90
. The M S behavior of the Fe films on the ceramics surfaces is quite different from that of the films on the smooth surfaces. We propose that because of the roughness of the Fe films on the fractal ceramics surfaces, the easy axis of magnetization exhibits disorder distribution and the direction the magnetic moment is not in-plate. As a result, the Fe films on the rough ceramics surfaces exhibit anisotropic and the anisotropic films may further lead to the anomalous coercivity behavior above.
18)

Conclusions
In conclusion, we have described the anomalous temperature dependence of the hysteresis properties in the Fe film system deposited on the ceramics surfaces. The coercivity H c of the films firstly increases with the temperature T and reach a maximum peak around a critical temperature T crit ¼ 10 K; then it decreases dramatically as T further increases. On the other hand, the peak of the coercivity goes up with the decrease of the film thickness. We propose that, for T > T crit , the observed coercivity behavior is mainly dominated by the effect of the non-uniform size distribution of the single-domain particles or magnetic clusters in the films at high temperature, and for T < T crit , the unexpected behavior may be resulted from the coupling effect of the spin-glass like states and ferromagnetic phases. The results are confirmed by the M TRM curve which increases with the temperature at first and then decreases. The VSM measurement further indicates that the anomalous magnetic behaviors of the Fe films are related to the significant roughness of the films induced by the fractal ceramics surfaces.
